Cell division patterning is important to determine body shape in plants. Nuclear auxin signaling mediated by AUXIN RESPONSE FACTOR (ARF) transcription factors affects plant growth and development through regulation of cell division, elongation and differentiation. The evolutionary origin of the ARF-mediated pathway dates back to at least the common ancestor of bryophytes and other land plants. The liverwort Marchantia polymorpha has three phylogenetically distinct ARFs: MpARF1, the sole 'activator' ARF; and MpARF2 and MpARF3, two 'repressor' ARFs. Genetic screens for auxin-resistant mutants revealed that loss of MpARF1 function conferred auxin insensitivity. Mparf1 mutants showed reduced auxin-inducible gene expression and various developmental defects, including thallus twisting and gemma malformation. We further investigated the role of MpARF1 in gemma development, which is traceable at the cellular level. In wild-type plants, a gemma initial first undergoes several transverse divisions to generate a single-celled stalk and a gemma proper, followed by rather synchronous longitudinal divisions in the latter. Mparf1 mutants often contained multicelled stalks and showed defects in the execution and timing of the longitudinal divisions. While wild-type gemmae finally generate two meristem notches, Mparf1 gemmae displayed various numbers of ectopic meristems. These results suggest that MpARF1 regulates formative cell divisions and axis formation through auxin responses. The mechanism for activator ARF regulation of pattern formation may be shared in land plants and therefore important for the general acquisition of three-dimensional body plans.
Introduction
During the evolution of plants from aquatic green algae to embryophytes, many remarkable changes took place in body plans, such as apical growth, three-dimensional patterning and a multicellular diploid body, which must have been accompanied by new regulatory systems governing intercellular communication networks (Bowman et al. 2007 ). In particular, the phytohormone auxin works as a versatile signal that regulates various aspects of pattern formation. In flowering plants, auxin regulates various formative cell divisions in embryogenesis (Möller and Weijers 2009) , leaf vein patterning (Mattsson et al. 1999 , Sieburth 1999 ) and lateral organ positioning (Reinhardt et al. 2000 , Benkova et al. 2003 .
The transcription-dependent pathway mediated by AUXIN REPONSE FACTORs (ARFs) plays major roles in auxin responses. ARF proteins contain a B3-type DNA-binding domain in their N-termini and directly bind to cis-elements of auxin-responsive genes to regulate their expression positively or negatively (Ulmasov et al. 1999a , Ulmasov et al. 1999b ). The C-termini of ARFs carry a protein interaction domain, called the Phox and Bem1 (PB1) domain, which forms complexes with the transcriptional repressors AUXIN/INDOLE-3-ACETIC ACIDs (AUX/IAAs) (Kim et al. 1997 , Worley et al. 2000 , Korasick et al. 2014 . Auxin-dependent degradation of AUX/IAAs, which is mediated by the auxin co-receptors TRANSPORT INHIBITOR RESPONSE1/AUXIN SIGNALING F-BOXs (TIR1/AFBs) liberates ARFs to function (Dharmasiri et al. 2005, Kepinski and Leyser 2005) .
ARF-mediated auxin signaling is conserved at least in land plants (Rensing et al. 2008 , Banks et al. 2011 , Ju et al. 2015 . During evolution, plants have increased the number of auxin signaling factors, e.g. the angiosperm Arabidopsis has 23 ARFs, which can be phylogenetically divided into three major clades. Most single mutants of Arabidopsis ARFs do not show an obvious phenotype (Okushima et al. 2005) , and no mutant that lacks all ARF members in each major clade has been characterized so far. Functional diversification and various protein interactions may define specialized functions of auxin, but high genetic redundancy prevents us from understanding the underlying mechanisms of auxin-dependent pattern formation.
The liverwort Marchantia polymorpha, which belongs to the bryophytes, the early diverging lineages of land plants, has a notably simple auxin signaling system consisting of only three ARFs (MpARF1-MpARF3), a single AUX/IAA (MpIAA) and a single TIR1/AFB (MpTIR1) , Kato et al. 2015 . The three MpARF genes are phylogenetically classified into each of the three major clades of the ARF family, suggesting that M. polymorpha has all of the essential components of the auxin signaling system in land plants (FloresSandoval et al. 2015 , Kato et al. 2015 . Marchantia polymorpha spends most of its lifetime in the gametophytic form. A germinated spore repeats cell divisions and develops into a flat thallus, which grows apically with distinct dorsoventrality (Mirbel 1835) . Gemma cups and gemmae are produced on the dorsal side of the thallus, enabling asexual propagation. The gemma is approximately discoid, and it is connected to the gemma cup by a single stalk cell. Two meristematic notches are placed at both ends of the axis perpendicular to the stalk axis. The central part of the gemma is several cells thick and becomes gradually thinner toward the unistratose margin (Shimamura 2015) . The development of gemmae starts from a protrusion of a single initial cell, which can be traced at the cellular level (Barnes and Land 1908) . Auxin regulates many aspects of growth and development of M. polymorpha, including development from a bifacial gemma to a thallus, organogenesis of gemma cups, gemmae and rhizoids, and development of sporophytes (Kaul et al. 1962 , Maravolo and Voth 1966 , Binns and Maravolo 1972 , Davidonis and Munroe 1972 , Maravolo 1980 , Ishizaki et al. 2012 , Kato et al. 2015 . Exogenous application of auxin was shown to activate an auxinresponsive promoter (soybean GH3; Ishizaki et al. 2012) . Thus, M. polymorpha is a remarkable genetic model for studying auxin-mediated pattern formation.
MpARF1 is the only M. polymorpha ARF belonging to the activator ARF clade that includes ARF5/MONOPTEROS (MP) from Arabidopsis , Kato et al. 2015 . MpARF1 functions as a transcriptional activator in BY-2 tobacco cultured cells (Kato et al. 2015) , and misexpression (both overexpression and knockdown) of MpARF1 has been shown to alter auxin sensitivity and gemma dormancy . In the present study, we obtained several T-DNA insertion mutants of MpARF1 from a genetic screen for auxin resistance, and we also constructed a targeted knockout mutant by homologous recombination. Mparf1 mutants failed to activate auxin-dependent gene expression and showed various morphological defects, including defects in cell division patterns during gemma development.
Our results shed light on the role of activator ARFs in auxin responses and pattern formation in land plants.
Results

Loss-of-function mutants of MpARF1 show auxin resistance
When a wild-type (WT) M. polymorpha gemmaling is grown on medium containing a high level of auxin, it shows severe growth inhibition, produces many rhizoids and finally dies ( Fig. 1A ; Ishizaki et al. 2012) . To identify auxin signaling components in M. polymorpha, we randomly introduced a hygromycin-resistant gene cassette into the genome via Agrobacterium-mediated transformation of sporelings ) and screened for mutants that survived on medium containing 3 mM 1-naphthaleneacetic acid (NAA). We obtained two mutants that carried a T-DNA insertion in the MpARF1 locus (Mparf1-1 and Mparf1-2; Fig. 1 ). Genomic Southern blotting revealed that these two mutants had additional T-DNA insertions in other loci ( Supplementary Fig. S1 ). To explore more directly the possibility that disruption of the MpARF1 gene causes auxin resistance, we generated another Mparf1 mutant allele (Mparf1-4) using the homologous recombination technique (Ishizaki et al. 2013) . A 255 bp region including the 10th exon that encodes a C-terminal portion of the DNA-binding domain was replaced with a hygromycin-resistant gene cassette ( Fig. 1B; Supplementary Fig. S2 ). Mparf1-4 showed growth inhibition under normal conditions and was insensitive to 3 mM NAA as observed in Mparf1-1 and Mparf1-2 (Fig. 1A) . Introduction of an MpARF1 genomic fragment (ARF1 pro :ARF1) into Mparf1-4 restored growth and auxin sensitivity (Fig. 1A) . These results suggest that loss-of-function mutations of MpARF1 cause auxin resistance.
MpARF1-dependent induction of auxin-responsive genes
Phylogenetic classification and transactivation assays in BY-2 cells suggested that MpARF1 acts as a transcriptional activator (Kato et al. 2015) . To confirm whether MpARF1 promotes the expression of auxin-responsive genes in vivo, we chose to study several putative auxin-responsive genes from the transcriptomes of M. polymorpha. First we examined a time course of auxin-induced gene expression by quantitative reverse transcription-PCR (RT-PCR) of a GH3 homolog (MpGH3A) using 10-day-old gemmalings. The GH3 family is a representative primary auxin-responsive gene family in angiosperms and functions in auxin inactivation (Hagen et al. 1984 , Ulmasov et al. 1997 , Staswick et al. 2005 . We found that the expression of MpGH3A in the WT was induced by auxin treatment with a peak at 4 h, while no significant change was observed in the Mparf1-4 mutant up to 14 h ( Supplementary Fig. S3 ). Then, we further investigated expression of other auxin-responsive gene candidates, two EXPANSIN homologs and a WIP homolog. Expansins are involved in cell wall loosening and are also rapidly up-regulated by auxin in Arabidopsis (Cosgrove 2000 , Schlereth et al. 2010 . WIP family members are putative zinc finger transcription factors with a highly conserved domain which begins with a three amino acid motif, WIP, and direct targets of ARF5/ MP in Arabidopsis root (Crawford et al. 2015) . In the WT, mRNA levels of EXPANSIN and WIP homologs were increased 1.5 -to 2-fold in response to auxin ( Fig. 2A) . In contrast, none of them was significantly increased by auxin treatment in the Mparf1-4 mutant ( Fig. 2A) . We previously reported the auxin-dependent activity of a soybean-derived auxin response reporter (GH3 pro :GUS; Ishizaki et al. 2012) . To determine if the reporter response is mediated by ARF1, we generated three independent alleles for Mparf1 mutants in the GH3 pro :GUS background by CRISPR/Cas9-(clustered regularly interspaced short palindromic repeats/CRISPR-associated endonuclease 9) mediated mutagenesis (Mparf1 ge ; Fig. 1 ; Supplementary Fig. S4 ; Sugano et al. 2014) . b-Glucuronidase (GUS) activities were significantly increased by auxin treatment in the WT background, but not in the Mparf1 mutant background (Fig. 2B, C ). These results demonstrate that MpARF1 mediates auxin-dependent transcriptional activation in vivo.
Expression pattern of MpARF1 in vegetative phase
To investigate the expression pattern of MpARF1 during vegetative development, we generated MpARF1-GUS and MpARF1-Citrine fusion constructs under the MpARF1 promoter (ARF1 pro :ARF1-GUS and ARF1 pro :ARF1-Citrine), and introduced them into the Mparf1-4 mutant. Both constructs rescued the growth and auxin sensitivity defects of the Mparf1-4 mutant ( Supplementary Fig. S5 ), demonstrating that these fusion proteins, which were driven by the native promoter, were functional. GUS activity of ARF1 pro :ARF1-GUS was observed in the meristematic region, the bottom of gemma cups and in developing gemmae ( Fig. 3A-C) . Expression of ARF1 pro :ARF1-Citrine was also observed in gemma cups and gemmae, and Citrine signals, which presumably localized to the nuclei, were detected throughout gemma development ( Fig. 3D-F ).
Mparf1-4 shows morphological defects in vegetative development
To investigate the role of MpARF1 in morphogenesis, we observed the developmental defects in the Mparf1-4 mutant. WT gemmalings grew horizontally and formed laterally expanded thallus lobes with gemma cups on the dorsal side ( Fig. 4A , C, E). Mparf1-4 mutant gemmalings showed growth defects and produced narrow, twisted thalli that often grew upward (Fig. 4B, D, F) . Gemma cups of the WT showed a funnel-shaped aperture, while those of Mparf1-4 were smaller and rather tubular shaped (Fig. 4G, H ). In the gemma cup of Mparf1-4, many gemmae formed elongated rhizoids, a feature of non-dormant gemmae (Fig. 4H ), consistent with a previous report that auxin or overexpression of MpARF1 promotes gemma dormancy . In addition, there were fewer mature gemmae per gemma cup in the Mparf1-4 mutant compared with the WT (Fig. 4I ).
Mparf1-4 shows defects in meristem formation
WT gemmae usually contain two meristematic notches at both ends of the axis perpendicular to the stalk axis (Fig. 5A) . Mparf1-4 gemmae looked more transparent than those of the WT (Fig. 5B-D) . Moreover, the number of concave structures in individual gemmae varied from one to three in Mparf1-4 gemmae. To investigate whether the ectopic concave structures in Mparf1-4 function as meristem, we performed 5-ethynyl-2 0 -deoxyuridine (EdU) incorporation analysis, which allows labeling of nuclei undergoing DNA replication, using 1-day-old WT and Mparf1-4 gemmalings. Both of the two meristematic notches in WT gemmae showed EdU staining (Fig. 5E, F ). Of 15 Mparf1-4 gemmae that we examined, 10 contained two EdU-positive concave structures, which were located asymmetrically, and EdU-negative concave structures that were often observed at the opposite side of the stalk (Fig. 5G, H) ; four gemmae showed more than three EdU-positive concave structures (Fig. 5I, J) ; and one gemma had only one meristematic region (Fig. 5K, L) . These results indicate that Mparf1-4 has defects in the formation and positioning of gemma meristems.
Mparf1-4 shows defects in cell division patterns during gemma development
To explore further the role of MpARF1 in pattern formation, we focused on gemma development. In the WT, gemmae are usually connected to the gemma cup by a single stalk cell which probably conducts nutrients to the gemma (Fig. 6A-C, G) , whereas in Mparf1-4, gemma primordia were often connected by two or more stalk cells (Fig. 6D-G) , suggesting that MpARF1 restricts the number of stalk cells to one. The proportion of developing gemmae with multiple stalk cells in Mparf1-4 was high in the early stage (gemma propers consisting of <20 cells) and decreased in the later stages (Fig. 6G) . Combined with the fact that the number of mature gemmae in Mparf1-4 was decreased (Fig. 4I) , these results raise the possibility that the development of gemma propers having a multicelled stalk might be delayed or aborted.
In the WT, a gemma initial first undergoes a transverse division. The apical side cell continuously divides and produces a gemma proper, while the basal cell expands without division and becomes the stalk cell (Barnes and Land 1908) . We observed early gemma development by staining the cell membrane with FM4-64. In the WT, gemma initials that protruded from the gemma cup bottom divided transversely a few times (Fig. 7A-D) , and then longitudinal divisions occurred synchronously in all cells except for the basal-most cell (Fig. 7E) . In Mparf1-4, first transverse divisions occurred as in the WT (Fig. 7F-I) . However, longitudinal divisions in the apical part were not synchronous (Fig. 7J, K) , and sometimes the basalmost cell also divided longitudinally (Fig. 7L) . For quantitative evaluation, we counted the number of gemmae showing different cell distribution patterns after the third division, which could be either transverse or longitudinal in the WT. At this stage, 83% of WT gemmae simply increased the number of cells along the apical-basal axis (Fig. 7M, pattern a) , and the others underwent longitudinal divisions in both apical cells (Fig. 7M,  pattern b ). In the Mparf1-4 mutant, 45% of gemmae showed the same cell distribution patterns as those in the WT (Fig. 7M , patterns a and b), while 47% of gemmae underwent a nonsynchronous longitudinal division in one of the two apical side cells (Fig. 7M, patterns c and d) and the others underwent a longitudinal division in the basal-most cell (Fig. 7M , pattern e). These results suggest that MpARF1 regulates the timing and the position of longitudinal divisions during early gemma development, and plays critical roles in pattern formation of gemmae.
Discussion
The role of MpARF1 in auxin signaling in M. polymorpha Previous studies revealed that overexpression and gain-offunction mutations of MpARF1 caused hypersensitivity to auxin . Transactivation assays using tobacco cultured cells showed that MpARF1 can act as a transcriptional activator (Kato et al. 2015) . In the present study, we obtained loss-of-function mutants of MpARF1 by forward and reverse genetic approaches. These mutants lacked the ability to promote auxin-dependent transcription and showed auxin resistance (Figs. 1, 2) . These results indicate that MpARF1 functions as a transcriptional activator in auxin signaling in M. polymorpha. The fact that Mparf1 mutation confers auxin insensitivity, which was found during this study, was part of the rationale for developing CRISPR/Cas9-mediated genome editing technology for M. polymorpha by using MpARF1 as a model target gene (Sugano et al. 2014) .
From structural and phylogenetic analyses, it was suggested that MpARF1 is the only activator ARF in M. polymorpha , Kato et al. 2015 , which raises the possibility that auxin-inducible genes are primarily regulated by MpARF1. However, in contrast to Mparf1 mutants, transgenic plants expressing stabilized MpIAA and the mutants of auxin biosynthesis enzymes were shown to exhibit much more severe phenotypes, where only undifferentiated cell masses were produced , Kato et al. 2015 . The present study demonstrates that all alleles of Mparf1 mutants were eventually able to produce thalli with air chambers and rhizoids (Figs. 1, 4 ). There could be two mutually exclusive explanations for the phenotypic differences. One is that the other MpARF genes (MpARF2 and/or MpARF3) function redundantly with MpARF1. However, this is very unlikely because each MpARF belongs to a phylogenetically distinct clade, and MpARF2 and MpARF3 presumably function as transcriptional repressors , Kato et al. 2015 . The other possibility is that MpARF2 or MpARF3 do not share the same target genes with MpARF1, and they regulate their specific responses independently. In this scenario, MpIAA cannot repress expression of MpARF1 target genes in the Mparf1 mutant, because MpIAA does not have a DNA-binding domain, and therefore requires the interaction with MpARF1 to access its target genes. Thus, in the absence of MpARF1, MpARF1 target genes are not activated by MpARF1, but not repressed by MpIAA, creating a situation in which they are expressed at basal levels in an unregulated manner, or activated by unknown transcription factors in a regulated fashion. To clarify these hypotheses, further analysis of whether each MpARF regulates specific genes or responses is necessary.
Formation of developmental axes by auxin
Gemma development starts from a transverse division in the gemma initial cell, which results in the formation of the apicalbasal axis. The basal cell becomes a single-celled stalk without further division, and the apica side cell continues divisions and forms a gemma proper (Barnes and Land 1908) . During the formation of gemmae proper, the transverse axis is formed perpendicularly to the apical-basal axis, and two meristematic notches are symmetrically generated at both ends of the transverse axis. In this study, Mparf1-4 mutants showed extra divisions of the basal cell and often formed multicelled stalks (Figs.  6G, 7) , suggesting that the apical-basal axis was not formed properly. Moreover, mature Mparf1-4 gemmae showed defects in the number and positions of meristematic notches and formed additional concave structures with no meristem activity (Fig. 5) . The non-meristematic concave structures may be the result of an abnormal growth pattern or incomplete meristem formation. These results suggest that MpARF1 plays important roles in the formation of developmental axes in gemma development. In Arabidopsis embryos, the apical-basal axis is formed by dynamic changes in patterns of auxin biosynthesis and polar auxin transport (Robert et al. 2013) . Previous studies showed that a soybean-derived auxin response reporter, GH3 pro :GUS, is highly expressed in the bottom of the gemma cup (Ishizaki et al. 2012 ). An auxin biosynthetic enzyme, MpTRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS, is expressed in gemma cups and developing gemmae, and another auxin biosynthetic enzyme, MpYUCCA2, changes its expression sites from the stalk in developing gemmae to the meristems in mature gemmae . Combined with the present study, these facts suggest that auxin that is produced in the gemma cup or the stalk regulates the axis formation in gemmae through the action of MpARF1. The importance of spatially limited auxin biosynthesis and polar auxin transport in axis formation of gemmae remains to be elucidated.
Regulation of spatio-temporal cell division patterns by auxin
Our results revealed that MpARF1 is strongly expressed in gemma propers (Fig. 3) and regulates the timing and positions of longitudinal divisions, at least during early gemma development (Fig. 7) . Because the initial transverse divisions were observed in Mparf1-4 as well as in the WT, MpARF1 may regulate the conversion of division planes from transverse to longitudinal. A recent study in Arabidopsis embryos showed that auxin signaling triggers deviation from the default division rule (Yoshida et al. 2014) . Notably, MP/ARF5, which belongs to the same phylogenetic clade as MpARF1 , Kato et al. 2015 , regulates critical asymmetrical cell divisions, which involve division plane changes, for formation of root meristems and vascular tissues (Hardtke and Berleth 1998, Schlereth et al. 2010) ; moreover, a mutant of the MP/ARF5 inhibitor BODENLOS/IAA12 showed abnormal conversion from longitudinal to transverse division in one-cell-stage embryos (Hamann et al. 1999 ). In addition, some morphological similarities can be found between Arabidopsis embryogenesis and gemma development in M. polymorpha. In both cases, the apical side cell generated by the first transverse division of an initial cell (fertilized zygote or gemma initial) forms the proper of the embryo or gemma. The basal cell forms a connection between the proper and mother tissues (suspensor or stalk) with a limited number of cell divisions, which is finally lost (Barnes and Land 1908, ten Hove et al. 2015) . In addition, our observation of gemma development (Figs. 5, 7) suggests that ectopic divisions of the stalk cell in Mparf1-4 mutants might cause developmental arrest of the connected gemma proper. In Arabidopsis, besides the regulation of pattern formation in embryos, as described above, the ARF-mediated pathway represses cell divisions in the suspensor (Rademacher et al. 2011 , Rademacher et al. 2012 . These similarities between gemma development in gametophyte generation and Arabidopsis embryogenesis in sporophyte generation support the idea that common mechanisms regulating axis formation and cell division patterns via auxin are shared among land plants. Although several direct targets of MP/ARF5 that regulate asymmetric divisions were identified (Schlereth et al. 2010 , De Rybel et al. 2013 , Ohashi-Ito et al. 2013 , Crawford et al. 2015 , it is still unclear which components of the cell division machinery are under the control of auxin. Further analysis and comparison of the downstream targets of MpARF1 and MP/ARF5 are necessary to understand the principle of three-dimensional body plans in land plants.
Materials and Methods
Plant material and growth conditions
Male and female accessions of M. polymorpha, Takaragaike-1 (Tak-1) and Tak-2, respectively , were maintained asexually. F 1 spores generated by crossing Tak-1 to Tak-2 were used for T-DNA tagging and homologous recombination of the MpARF1 locus. F 1 plants generated by crossing Tak-2 and GH3 pro :GUS #21 (Ishizaki et al. 2012) were selected by auxin-dependent GUS activity and used for CRISPR/Cas9-mediated mutagenesis. Marchantia polymorpha was cultured on half-strength Gamborg's B5 medium (Gamborg et al. 1968) 
Construction of plasmids for plant transformation
For screening of auxin-resistant mutants, the binary vector pKI-PR1 was used.
To generate pKI-PR1, the pBR322 origin and chloramphenicol resistance gene were inserted using the EcoRI and HindIII sites of pCAMBIA1300. For homologous recombination of MpARF1, the 5 0 and 3 0 homology arms (3,500 and 3,449 bp, respectively) were amplified from Tak-1 genomic DNA by PCR using the primer sets MpARF1_gtF1/MpARF1_gtR1 and MpARF1_gtF2/ MpARF1_gtR2, respectively. Primers used in this study are listed in Supplementary Table S1 . The PCR products of the 5 0 and 3 0 homology arms were cloned into the PacI and AscI sites of pJHY-TMp1 (Ishizaki et al. 2013a) , respectively, using the In-Fusion HD Cloning Kit (Clontech) to generate pMK202.
For the complementation of Mparf1-4, a genomic fragment spanning a region from 3.6 kb upstream of the putative start codon to the stop codon of MpARF1 was amplified using the primer set MpARF1_usEntry and MpARF1_stop, and cloned into the pENTR/D-TOPO vector using the Gateway TOPO cloning kit (Life Technologies). The resultant genomic fragment was transferred into pMpGWB301 by LR Clonase II to generate pMK104.
To generate ARF1 pro :ARF1-GUS and ARF1 pro :ARF1-Citrine, the genomic fragment covering the region from 3.6 kb upstream of the putative start codon to the last codon of MpARF1 was amplified using the primer set MpARF1_usEntry and MpARF1_nonstop, and cloned into the pENTR/D-TOPO vector. The resultant fragment was transferred into pMpGWB304 and pMpGWB307 , respectively, by LR Clonase II and fused in-frame with GUS or Citrine reporter genes to generate pMK101 and pMK102, respectively.
T-DNA tagging screens for auxin-resistant mutants
Marchantia polymorpha sporelings were transformed with Agrobacterium harboring pKI-PR1 as previously described , and were grown on half-strength Gamborg's B5 medium containing 3 mM NAA and 10 mg ml -1 hygromycin. Mutants that grew into thalli were isolated, and their T-DNA flanking sequences were determined by therma asymmetric interlaced PCR as previously described (Ishizaki et al. 2013b ).
Generation of MpARF1 knockout mutants
Marchantia polymorpha sporelings were transformed with Agrobacterium harboring pMK202 as previously described , and were grown on half-strength Gamborg's B5 medium containing 10 mg ml -1 hygromycin. Transformants were sampled for genotyping, which was performed as described previously (Ishizaki et al. 2013a) , and a knockout mutant of MpARF1 with the desired recombination (Mparf1-4) was identified. All primers used for the analysis are listed in Supplementary Table S1 . Complementation lines were obtained by introducing pMK104 into regenerating Mparf1-4 thalli, as described previously (Kubota et al. 2013 ). CRISPR/Cas9-mediated mutagenesis of the MpARF1 locus was performed as described (S.S. Sugano et al. unpublished results) .
Generation of transgenic plants
Constructs for ARF1 pro :ARF1, ARF1 pro :ARF1-GUS and ARF1 pro :ARF1-Citrine were introduced into regenerating Mparf1-4 thalli, as described previously (Kubota et al. 2013) . Non-chimeric lines (the G 1 generation) were established from T 1 lines via single gemmae, which arise asexually from single initial cells, as described previously (Ishizaki et al. 2016) . Plants grown from gemmae on G 1 lines (termed the G 2 generation) derived from more than two independent T 1 lines were used for experiments.
Histochemical assay and quantitative measurement for GUS activity
Histochemical assays for GUS activity were performed as described previously (Ishizaki et al. 2012) . GUS-stained gemma cups were embedded in a 6% agar block and sectioned into approximately 100 mm thick slices with a LinearSlicer PRO 7 (DOSAKA EM). Quantitative measurement of GUS activity in the GH3 pro :GUS lines was performed as described previously (Kato et al. 2015) , using 10-day-old gemmalings grown on the medium covered with nylon mesh.
Fluorescence microscopy
Observation of ARF1 pro :ARF-Citrine was performed with gemma cups sectioned into approximately 0.2 mm thick slices. Citrine was excited with a 515 nm wavelength laser, and fluorescence was detected at 520-560 nm by confocal microscopy (FV1000; Olympus). 
RNA extraction, cDNA synthesis and quantitative RT-PCR
Ten-day-old thalli of Tak-1 and Mparf1-4 were pre-cultivated in half-strength Gamborg's B5 liquid medium for 20 h, and then treated with liquid medium containing 10 mM NAA for 4 h. Plants were then harvested and immediately frozen in liquid nitrogen. RNA extraction from frozen samples was performed as described previously (Kubota et al. 2014) . Total RNA was treated with the RQ1 RNase-Free DNase (Promega). For each sample, 0.5 mg of RNA was reverse transcribed to cDNA using poly(dT 20) primer and ReverTra Ace (Toyobo), according to the manufacturer's protocol.
Quantitative PCR were carried out using a CFX96 Real-Time PCR Detection System (Bio-Rad) and SYBR Green I Nucleic Acid Gel Stain (Lonza). A two-step cycle consisting of denaturation at 95 C for 5 s followed by hybridization/elongation at 60 C for 30 s, was repeated 40 times and then followed by a dissociation step. Three technical and biological replicates were performed for each condition. PCR efficiencies were calculated using CFX Manager (Bio-Rad) software in accordance with the manufacturer's instructions. Expression of MpEF1 was used for normalization. All primers used for the analysis are listed in Supplementary Table S1 .
EdU staining
S-phase cells were visualized using a Click-iT EdU Imaging Kit (Life Technologies), as described previously with some modifications. One-day-old gemmalings were submerged in a medium containing 10 mM EdU and incubated for 14 h under white light. EdU signals and brightfield images were captured using a Leica SP5-II confocal laser scanning microscope system, with excitation at 561 nm and detection at 565-600 nm.
Observation of gemma development
Gemma cups sectioned into approximately 0.2 mm thick slices were observed with or without FM4-64 (Life Technologies) staining. Slices of gemma cups were submerged in 25 mg ml -1 FM4-64 solution, exposed three times to 3 min of reduced pressure (0.07 MPa) and then washed with FluoroBrite DMEM (Life Technologies). FM4-64 was excited with a 488 nm laser and emission was detected with a 600-650 nm window. Z-series of about 10 fluorescent images with 2 mm steps were captured using a confocal laser scanning microscope, FV1000 (Olympus; Â20 UPLAPO objective lens; NA = 0.70).
DNA gel blot analysis
Total DNA was extracted from 5 g FW of tissue using the cetyltrimethylammonium bromide method (Murray and Thompson 1980) , with modifications as described previously (Ishizaki et al. 2013a ). In parallel reactions, 2 mg aliquots of genomic DNA were digested overnight with XhoI, EcoRI, ClaI and BglII. The DNA fragments were separated by electrophoresis in a 0.6% agarose gel. Blotting, hybridization and detection were performed as described previously (Ishizaki et al. 2013b ).
